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Abstracts

Background Pediatric bipolar disorder (PBD) has been proven to be related to abnormal brain structural connectivity, but how the
abnormalities in PBD correlate with gene expression is debated.

Objective This study aims at identification of cell-type-specific gene modules based on cortical structural differences in PBD.

Methods Morphometric similarity networks (MSN) were computed as a marker of interareal cortical connectivity based on MRI data
from 102 participants (59 patients and 43 controls). Partial least squares (PLS) regression was used to calculate MSN differences related
to transcriptomic data in AHBA. The biological processes and cortical cell types associated with this gene expression profile were
determined by gene enrichment tools.

Results MSN analysis results demonstrated differences of cortical structure between individuals diagnosed with PBD and healthy
control participants. MSN differences were spatially correlated with the PBD-related weighted genes. The weighted genes were en-
riched for “trans-synaptic signaling” and “regulation of ion transport”, and showed significant specific expression in excitatory and
inhibitory neurons.

Conclusions This study identified the genes that contributed to structural network aberrations in PBD. It was found that transcrip-
tional changes of excitatory and inhibitory neurons might be associated with abnormal brain structural connectivity in PBD.
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Introduction
Bipolar disorder (BD) is a recurrent and chronic disease marked by
irritability and emotion swings. Over 1% of the global population
carries this diagnosis (Grande et al., 2016).

Compared with adult BD, patients with pediatric bipolar disor-
der (PBD) demonstrate atypical symptoms, and find it more dif-
ficult to achieve remission and prevent recurrence (Goldstein &
Birmaher, 2012). BD has high heritability, which some estimate to
be as high as 85% (Wray & Gottesman, 2012). Compared to adult
BD, PBD patients in probands have a higher risk of transmission
to offspring (Oquendo et al., 2013). As a result, PBD is generally
considered a more genetically determined distinct subtype of BD
(Biederman et al., 2013; Croarkin et al., 2017). Nonetheless, few
studies have examined the pathogenesis of PBD.

Research has shown that the prefrontal cortex exhibits weak-
ened control of emotional networks among BD patients, result-
ing in an abnormally high level of mood and reward processing
(Strakowski et al., 2011; Phillips & Swartz, 2014). Findings from re-
cent neuroimaging studies pointing to reduced cortical volume in
brain areas such as the anterior cingulate cortex (ACC) and insula

among BD patients could offer an explanation for this (Bora et al.,
2010; Selvaraj et al., 2012).

Two traditional methods, tractography based on diffusion-
weighted imaging (DWI) (Forde et al., 2015) and structural co-
variance network (SCN) analysis (lexander-Bloch et al., 2013),
have gained widespread application in investigating BD brain
anatomical connectomes. Diffusion imaging studies have indi-
cated widespread changes in PBD patients with regards to the
anatomical connection of cortical networks (Fernandes et al.,
2019). However, DWI tractography is still controversial in terms
of precision, particularly when computing connectivity strength
of long-distance projections (Donahue et al., 2016; Maier-Hein
et al., 2017). SCN analysis has indicated significant alterations
relating to BD (Han et al., 2020; Kim et al., 2020). However, the
accuracy of SCN analysis is subject to sample size, and this
method cannot be applied to individual analysis in most cases.
Furthermore, the biological interpretation of SCN analysis results
is still in dispute (Alexander-Bloch et al., 2013).

Therefore, a new similarity-based approach—morphometric
similarity network (MSN) analysis—has recently been put forward
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and tested to reveal macroscale cortical organization (Seidlitz
et al., 2018). MSNs harbor a powerful toolset to reveal macroscale
cortical organization. It is characterized by capturing correlation
between regions of various morphological features in multiple
forms for one individual. In cytoarchitectonics, growing evidence
shows that closely connected cortical regions exhibit high lev-
els of coexpressed genes, and often share the same cytoarchi-
tectonic class. What is more, nodes with similar histology are
more inclined to be axonally connected between cortical areas
(Goulas et al., 2017; Wei et al., 2019). Compared with DWI-based
networks and SCN, MSNs have the highest proportion of intra-
class edges. This suggests that edges in MSNs are more likely to
be representational of pairings of regions with similar histology
and a propensity for axonal connectivity, and have stronger con-
nections with genomic and cytoarchitectonic classes than in SCNs
and DWI networks (Seidlitz et al., 2018). MSN could thus shed light
on the gene expression and cellular architecture underlying struc-
tural network abnormalities in patients with PBD. Recent studies
have demonstrated that transcriptomic and cellular information
of brain regions subject to neuropsychiatric disorders could be re-
vealed through alterations in MSN. However, MSN has not yet been
applied to reveal brain morphological differences in PBD patients.

In neuroimaging-genetics studies, intermediate phenotypes
have potential scientific value as genetic markers in relation to
clinical measures (Walton et al., 2013). For BD specifically, ankyrin-
G protein (ANK3) and calcium channel, voltage-dependent, L type,
and alpha 1C subunit (CACNA1C) were linked to certain functional
and anatomical neuroimaging phenotypes (Lippard et al., 2017; Ou
et al., 2015). With connectome and molecular imaging develop-
ing, researchers discovered a method for interrogation of neuronal
connection across the human brain through genetics (Arnatkevi-
ciute et al., 2021; Fornito et al., 2019). The Allen Human Brain Atlas
(AHBA) provides a distinct perspective to comprehend how varia-
tions in gene expression associate with neuroimaging phenotypes
on a macroscopic level (Fornito et al., 2019). Recent research com-
bined structural indicators (Anderson et al., 2020; Li et al., 2021)
of mentally disabled patients with data on AHBA expression to
reveal dysregulation of cell levels.

In this study it is hypothesized that: (i) structural dysconnec-
tivity in PBD could be tested by MSN; (ii) the structural network
phenotype is related to structurally patterned transcriptomic data
in AHBA; and (iii) the genes most strongly associated with mor-
phometric similarity differences in case-control (PBD-HC) were
enriched. To test this, MSNs were constructed to describe the
PBD-related structural abnormalities in two independent cohorts.
Partial least squares (PLS) regression was utilized to acquire the
clusters of weighted genes based on the association between MSN
alteration and AHBA data. The enrichment pathways and cell
types were obtained from the weighted genes.

The study aims to determine PBD-related MSN alterations and
related genes to uncover the cellular and molecular mechanisms
behind MSN changes in PBD.

Method
Participants for neuroimaging analysis
All performed methods met the standards of ethics set by the Xi-
angya Hospital and the National Research Council of China and
the specifications in the Declaration of Helsinki (1964). The study
involved 102 individuals (59 patients and 43 healthy control par-
ticipants) at the Pediatric Psychiatry Clinic of Changsha Xiangya
Second Hospital, Hunan province (59 patients and 20 healthy con-

trol participants), and the Nanjing Brain Hospital Affiliated to
Nanjing Medical University in Jiangsu (23 healthy control partici-
pants). Participants were all fully informed of the procedures and
their guardians all provided signatures to consent forms.

In this study, PBD patients met the DSM-V BD standard criteria
for diagnosis. The following exclusion criteria were designed for
individuals with PBD: (i) age under 10 or over 18; (ii) other con-
current psychiatric conditions; (iii) physical illness that causes a
mental disorder; (iv) pregnancy; (v) use of illegal substance abuse
within 60 days before being admitted; and (vi) other specified bipo-
lar spectrum disorder and BD not otherwise specified. Participants
in PBD group who had an episode of mania or hypomania and
those diagnosed with euthymic PBD with >1 month of remission
were also included. In total, 59 adolescent patients were eligible
for this study.

The exclusion criteria for control group participants were as
follows: (i) current or history of psychiatric diagnosis; (ii) a history
of psychiatric diagnosis in a first-degree relative; (iii) sustained
physical and neurological conditions; and (iv) currently pregnant.

The Adolescent Mania Scale (YMRS) (Young et al., 1978), Mood
and Feelings Questionnaire (MFQ) (Wood et al., 1995), and Pitts-
burgh Sleep Quality Index (PSQI) (Buysse et al., 1989) were used to
assess the severity of emotional symptoms for each participant.
All evaluations were conducted on the same day as the MRI scan.

MRI data acquisition
For the MRI scan, all participants were told to relax and remain
motionless with eyes closed but stay awake. Foam padding was
used to reduce head motion. All MRI data from the participants
were acquired from a 3T Siemens scanner at the Magnetic Reso-
nance Center at Hunan Provincial People’s Hospital and Nanjing
Brain Hospital Affiliated to Nanjing Medical University. The regu-
lar axial three-dimensional T1-weighted (T1w) images were cap-
tured by a spoiled gradient recall sequence. The following were
the T1w scan parameters: slice thickness = 1.0 mm, gap = 0
mm, echo time (TE) = 2.03 ms, repetition time (TR) = 2300 ms,
flip angle = 9◦, FOV = 256 × 256 mm2, matrix = 256 × 256, and
slices number = 176. Subsequently, the DTI images were obtianed
by performing a single-shot echo planar imaging (EPI) sequence
aligned with the anterior–posterior commissure line. Integral par-
allel acquisition technique (iPAT) was applied with an accelerate
factor of 2.45 continuous axial slices completed in 12 min and 56
s. The diffusion sensitizing gradients involved the baseline image
with no diffusion weighting (b = 0 s/mm2) along with diffusion-
weighted images (b = 1000 s/mm2) along 30 nonlinear directions.
There were the following imaging parameters: TR = 6100 ms, TE =
93 ms, slice thickness = 3 mm, gap = 0 mm, FOV = 240 × 240, ac-
quisition matrix size = 128 × 128.

Data preprocessing
FreeSurfer (v.7.2, http://surfer.nmr.mgh.harvard.edu/) was ap-
plied for preprocessing and analyzing the three-dimensional T1w
images. The original T1w data was processed by skull stripping,
brain tissue segmenting, separating hemispheres as well as sub-
cortical structures, and constructing the white or gray interfaces
as well as pial surfaces to reconstruct the cortical surface. We
preprocessed DTI data using FMRIB’s Diffusion Toolbox, which is
implemented in FSL 6.04 (http://www.fmrib.ox.ac.uk). Each DWI
was affine aligned to b = 0 to correct the motion artifacts and
the eddy current-induced distortion. The brain extract toolbox
was used to remove skull components from the images. Diffusion
tensors were fitted with linear least squares and eigenvalues were
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decomposed to determine the fractional anisotropy and mean
diffusion.

Participants were disqualified if they had bad quality images.
Exclusion criteria included failure of full cortical coverage during
the DTI scan, poor registration from the DTI image to the T1w
image, or failure of FreeSurfer surface segmentation.

The MSN Processing Pipeline
A multimodal imaging parcellation that had a division to lami-
nate cortical features into 360 regions on biological basis (Glasser
et al., 2016) was used on Fsaverage template’s surface. This par-
cellation was modified to fit surface of each participant to create
an individual surface parcellation. Then, the parcellation was ad-
justed and expanded to the individual DTI volumes. For each re-
gion, seven morphometric parameters (Seidlitz et al., 2018) (gray
matter volume, surface area, cortical thickness, mean curvature,
intrinsic curvature, fractional anisotropy, and mean diffusion)
were extracted from T1w images and DTI images (Supplementary
Fig. S1, available online).

To account for scanner differences, ComBat harmonization (Yu
et al., 2018) was utilized to correct the site’s effects on the morpho-
metric indies across scanners and sites.

The seven morphological features of each region were then z-
normalized. Pearson’s correlational analysis was performed be-
tween each paired cortical region to generate a 360 regions × 360
regions morphometric similarity matrix for each participant. Sub-
sequently, these matrices (360 regions × 360 regions) were calcu-
lated by Pearson correlation between regions of these seven fea-
tures to obtain a 360 × 360 morphometric similarity matrix (Sup-
plementary Fig. S2) (Morgan et al., 2019; Seidlitz et al., 2020).

Case-control differences in MSN
A regional MSN value for each cortical region was calculated by
averaging weighted correlation coefficients in the 360 × 360 ma-
trices across the 360 cortical regions (Supplementary Fig. S1). Gen-
eral linear models (GLM) with covariates including education, sex,
and age were used to estimate case-control differences. A PBD-HC
alteration map was obtained with a two-sided t-value that com-
pared PBD and healthy control participants in all regions. The P
value was obtained by a permutation test (10 000 times) with sig-
nificance set at P < 0.005 with false discovery rate (FDR) correction
for multiple comparisons across 360 regions.

Gene expression data
We utilized the AHBA dataset to obtain brain gene expression
taken from six post-mortem adult brains (Sunkin et al., 2013).
The AHBA covered almost the whole brain, which consisted of
expression measurements of 20 737 genes with detection made
by 58 692 probes extracted from 3702 distinctive tissue samples
(Arnatkeviciute et al., 2019). Several other procedures were per-
formed to correlate the expression measurements and the neu-
roimaging data, and can be summarized into seven steps: (i) test-
ing probes to genes for accurate annotations; (ii) filtering probes
from background noise; (iii) selecting specific probes to index ex-
pression genes; (iv) assigning tissue samples from the AHBA to
HCP_MMP1.0 parcellation (360 distinct areas); (v) accounting for
individual differences by normalized measure; (vi) filtering incon-
sistently expressed genes in six brains based on differential sta-
bility; and (vii) explaining the spatial effects in gene expression.
Since the AHBA data set contains only two data from the right
hemisphere, this study only extracted data from the left hemi-

sphere. The resulting matrix depicted transcriptional levels from
10 027 gene expression levels × 177 areas (Fig. 1A).

Transcription-imaging association utilizing PLS
regression analysis
The next step involved application of PLS regression to deter-
mine genes significantly related to MSN alterations (Krishnan
et al., 2011). The gene expression data of 177 regions were taken
as independent variables, and the t-values of the 177 regions in
MSN alterations were set as dependent variables. The PLS compo-
nents were ranked via the explained variance between predictive
and response variables. Furthermore, the PLS regression compo-
nents (PLS1) that came out first were the most highly correlated
with regional variations in MSN. A spatial permutation test (5000
times) was used to verify whether the PLS1 was statistically signif-
icant (Vasa et al., 2018). To estimate each gene’s variability within
PLS1, bootstrapping was applied. By calculating the weight of each
gene to the standard bootstrap error of this gene, a Z value was
produced, and the genes were ranked based on their contribution
to PLS1 (Morgan et al., 2019). Significant genes were chosen with
positive (PLS+) and negative weights (PLS−) (Romero-Garcia et al.,
2019) or FDR of 5‰.

Analysis of PBD-related genes from previous
study
We selected the PBD associated genes from the previous study
(Dimick et al., 2020), which provided a summary of existing lit-
erature of the genetics in early-onset BD. This summary con-
tained 31 genes that have been relevant to early-onset BD. The
identified genes included: DRB2, ANK3, BDNF, CACNA1C, COMT,
DRD1, DRD2, DRD3, DRD4, EGR3, GAD1, GSK3B, GSTM1, GSTT1,
GSTZ1, HTR2A, HTR2C, MAOA, MCP1, NR1D1, PER3, RORB, SLC6A3,
SLC6A4, SNAP25, TH, TPH2, TRL2, TRL4, TRPM2, and XBP1 (31
genes).

Overlapping genes were obtained from the 31 identified PBD-
related genes and the 10 027 background genes. This step was
performed to explore how PBD-related genes contributed to the
PLS analysis. The expression of these overlapping genes on aver-
age was obtained from scores of PBD-related gene expression in all
samples. Pearson’s correlational analysis was used to investigate
how the expression levels of PBD-related genes were associated
with the MSN t-maps. To examine whether the correlation was
significant, permutation testing was subsequently used along the
same pipeline, and genes in each of the 10 000 permutations were
selected in a random manner. This step was for assessment of the
significance of the resulting correlation. The significance thresh-
old was chosen at P < 0.05 with FDR correction.

We used the gene sets based on post-mortem brain matter
measurements of messenger RNA from case-control analysis to
test the enrichment of up-/down-regulated genes in BD (Gandal
et al., 2018). A resampling procedure was set by 10 000 randomly
chosen brain-expressed gene sets. Gandal et al. (2018) also in-
cluded lists of up- and down-regulated genes in the brain in other
major psychiatric disorders involving major depressive disorder,
schizophrenia, autism spectrum disorder, and alcoholism. The en-
richments were also tested based on the neighboring disorder in
the same pipeline. The significance level was set at P < 0.05 with
FDR correction.

Gene functional annotation
The PLS1 gene list (Z < −5 or Z > 5) was entered into Metascape.
Metascape (Zhou et al., 2019) was used to obtain the gene ontology
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Figure 1: Preview of the procedure. (A) Gene expression profiles. Gene expression profiles in 177 regions (only left hemisphere), which were acquired
from the AHBA, were mapped into gene expression maps (177 regions × 10 027 genes). (B) MSN analysis. MRI data, including seven morphometric
features, was calculated into metrics (depicted by a HCP’s neuroimaging approach, –360 regions × 360 regions). Subsequently, the regional MSN
difference (case-control t-map) was computed. (C) PLS regression. PLS regression was used for identification of the associations between imaging and
gene expressions and for obtaining the related gene list. This step was followed by performance of enrichment analysis on the gene list.

(GO) gene sets (Ashburner et al., 2000) that assisted with determin-
ing biological processes.

Identification of cell type specificities for MSN
changes
To determine gene sets from each cell type, we used the datasets
based on five distinct single-cell studies of the adult human
cortex to assign the PLS1 genes to seven specific cell types
(Darmanis et al., 2015; Habib et al., 2017; Lake et al., 2018; Li et al.,
2018; Zhang et al., 2016). According to the procedure in a previous
study (Seidlitz et al., 2020), specific cell types included oligodendro-
cyte precursors, excitatory neurons, inhibitory neurons, endothe-
lial cells, microglia, astrocytes, and oligodendrocytes. This method
avoided bias regarding acquisition error analysis as well as thresh-
olding, and obtained gene sets from each cell type (Seidlitz et al.,
2020).

Results
Sample characteristics
The clinical and demographic data from the participants are pre-
sented in Table 1. No statistical differences were found between
these groups in age, gender, or education.

PBD-related changes in MSN
The case-control (PBD-HC) t-map was obtained through perform-
ing a linear regression with sex, education, and age as covari-
ates. The subsequent step was extraction of the two-sided mean
t-statistical value, which compared PBD patients with healthy

control participants in all regions (Fig. 1A). Increased and de-
creased MSN values imply less or more morphometric similarities
between these regions and other areas of the cortex. Compared
with healthy control participants, patients with PBD were found
to exhibit decreased MSN weights in the left superior tempo-
ral gyrus, dorsomedial prefrontal cortex, anterior cingulate, mid-
cingulate cortex, right dorsomedial prefrontal cortex, posterior
cingulate cortex, and superior temporal gyrus. Increased MSN
weights were found in the left lateral occipital cortex, orbital
frontal cortex, postcentral gyrus, right lateral occipital cortices,
postcentral gyrus, and dorsolateral prefrontal cortex (Fig. 2A, all
PFDR < 0.005; Supplementary Table S1 available online).

Regarding the Adolescent Mania Scale (PSQI), YMRS, and the
MFQ, there was no significant correlation among these clinical
variables (Supplementary Table S2).

Gene expression relevant to MSN alteration
PLS regression was applied to determine differences in gene ex-
pression of 10 027 genes and regional MSN (177 regions) in the
left hemisphere (Fig. 1C). The first component (PLS1) captured the
largest fraction (explained 23% of the variance with spatial per-
mutation test, Pspin < 0.001; Fig. 2B) of all gene expression vari-
ances across cortical regions. Furthermore, significant correlation
was found between the PLS1 weighted map and the t-map (Pear-
son’s r(177) = 0.48, P < 0.0001; Fig. 2B). Next, 733 PLS+ positively
weighted genes (Z > 5) and 507 PLS− negatively weighted genes
(Z < −5) were filtered from the threshold Z > 5 or Z < −5, be-
cause they were under-expressed (over-expressed) as decreased
(increased) regional variations in MSN. All genes underwent FDR
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Table 1: Clinical and demographic characteristics.

PBD (n = 59) HC (n = 43) P values

Gender (male/female) 29/30 13/30 0.087b

Age (years) 15.02 (1.78) 15.58 (2.25) 0.165a

Education (years) 8.10 (1.78) 8.86 (2.46) 0.078a

YMRS scores 14.19 (13.98) - -
MFQ scores 13.58 (12.37) - -
PSQI scores 6.20 (3.59) - -
BD-I/BD-II 36/23 - -
PBD-manic 21 - -
PBD-depression 17 -
PBD-remitted 21 - -
Onset age (years) 13.73 (1.82) - -
Illness duration (months) 16.25 (13.70)
Familial BD history (yes/no) 14/45 - -
Psychotic symptoms (yes/no) 31/28 - -
Medications
Lithium 20 - -
Valproate 28 - -
Atypical antipsychotics 39 - -
Antidepressants 4 - -

Note: Means are presented in the table (standard deviations). Abbreviations: HC, healthy control participants; “a”, the two-sample t-test (two-sided). “b”, the Chi-
square test. “∗” indicates P < 0.05.

Figure 2: Case-control differences in MSN and the association between the related gene expression and differences in MSN. (A) Case-control
differences (t-map) in MSN. Higher/lower values in PBD are presented as warm/cold colors (t-value > 3.9, P < 0.005 corrected by FDR). (B) Gene
expression profiles for PLS1, and the scatterplot show the correlation between PLS1scores (a weighted sum of 10 027 gene expression scores) and
regional differences in MSN (r(177) = 0.48, Pspin < 0.001). (C) Ranked gene list.
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Figure 3: The association between the related gene expression and morphometric similarity differences. (A) The overlapped PBD-related genes from
meta-analysis positively and negatively (all r values were calculated with Pearson correlation) correlated with case-control differences. All P value
have been corrected by FDR, “∗” indicated the P < 0.05 by FDR corrected. (B) Scatter plots demonstrating how the average PBD risk gene expression
associated with t-map using Pearson’s correlation. Permutation test (21 randomly selected genes replacing risk genes; 10 000 permutations) based P
values were provided. (C) Spatial correlation distribution (Pearson’s correlation) of t-map and gene expression profiles extracted from the left
hemisphere (n = 10 027), with NR1D1 (Nuclear Receptor Subfamily 1 Group D Member 1) and HTR2C (5-Hydroxytryptamine Receptor 2C) being most
significant. The top 5% and bottom 5% significant genes were separated by a dashed line in the whole gene sets.

correction with P < 0.005 (Fig. 2C). Twenty-one overlapping genes
were obtained from the 31 selected PBD-related genes and 10 027
background genes. The results showed significant associations
(r = 0.29, Pperm = 0.01, permutation times = 10 000; Fig. 3B) be-
tween the average PBD-related gene expression and MSN t-maps.
Ten of 21 PBD-related genes were found to significantly correlate
with regional MSN differences (PFDR < 0.05; Fig. 3A), involving six
positive correlations (ANK3, GSK3B, GSTT1, NR1D1, RORB, XBP1)
and two negative correlations (HTR2C, MAOA). NR1D1 displayed
the highest degree of positive correlation in the list, while HTR2C
displayed the highest degree of negative correlation (Fig. 3C).
Details about the correlations are provided in Supplementary
Table S3.

PLS− genes were found to be significantly enriched for the
down-regulated Gandal et al. (2018) genes (permutation test
P = 0.010, FDR corrected). PLS1 enrichments in up-/down-
regulated gene sets across other psychiatric disorders were also
observed (Supplementary Table S4).

Enrichment analysis
The enrichment analysis for the PLS− gene list (Z < −5, includ-
ing 755 genes) revealed the top 10 GO biological processes that
showed significance, including “trans-synaptic signaling”, “mod-
ulation of chemical synaptic transmission”, and “regulation of
ion transport” as examples (Fig. 4A, B). The equivalent results for
PLS+ genes are also provided in the Supplementary Material (Sup-
plementary Table S4, Fig. S1).

Specific cell types for MSN differences
The PLS− genes yielded significant specific expression in excita-
tory neurons (count = 67, Pperm = 0.01, adjusted by FDR correc-
tion) and inhibitory neurons (count = 51, Pperm = 0.01 adjusted
by FDR correction, Fig. 4C). To further refine the analysis, the en-
richment analysis was performed for the gene expression of seven
cell types, revealing the alterations in MSN of individuals with PBD
(Fig. 4B). The enrichment results for GO terms in neuronal cells in-
cluded “regulation of regulation of synapse assembly”, “response
to alcohol”, and “regulation of transmembrane transport” (Fig. 4B).
The PLS+ genes were not significantly involved in any cortical cell
type.

Discussion
In this study, spatial correlations between MSN t-map differences
and gene expression were analyzed for individuals with PBD-
related abnormalities. To further investigate specific cortical cell
types enriched for MSN alteration, we mapped the weighted genes
to biological processes that were associated with neuronal cells.
The results might contribute to further understanding of cellular
and molecular mechanisms within PBD.

MSNs that incorporate information from several corti-
cal parameters in an individual might reveal the structural
connections between various brain regions based on axonal
connectivity and histological similarity inside a particular hu-
man brain. Decreased morphometric similarity was observed in
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Figure 4: PLS− genes enriched and assigned to cell types. (A) Metascape enrichment network visualization of GO biological processes obtained from
PLS1− genes list (Z < −5). (B) Ontology terms for PLS1− genes list (Z < −5), the size of circle node is proportional to the number of genes in each term.
Color represents the different clusters. (C) Gene expression profiles of all cell types with overlapped genes in PLS1− gene list and cell type-specific
genes (astrocytes, endothelial cells, microglia, excitatory neurons, inhibitory neurons, oligodendrocytes, and oligodendrocyte precursors). (D) The
barplot of the count of overlapping genes for all the cell types (excitatory neurons: count = 67, Pperm = 0.01; inhibitory neurons: count = 51,
Pperm = 0.01; astrocytes: count = 28, Pperm = 0.99; endothelial: count = 22, Pperm = 0.99; microglia: count = 24, Pperm = 0.81; oligodendrocyte precursors
(OPCs): count = 7, Pperm = 0.81; oligodendrocytes: count = 7, Pperm = 0.99). All P values have been adjusted by FDR.

the cingulate cortex, temporal lobe, and dorsomedial prefrontal
regions for PBD group. It suggests reduced architectonic differ-
entiation and lower axonal connectivity between the previously
mentioned cortical regions, as well as a weakening of the linkages
between them at the histological and cytoarchitectonic levels. Our
findings were consistent with several studies reporting reduced
gray matter volume and cortical thickness in the temporal lobe,
cingulate cortex, and medial prefrontal cortex in BD (Brooks et al.,
2011; Gong et al., 2021; Zhang et al., 2022). The medial prefrontal
cortex is vital to emotion generation and regulation through its
connection with subcortical areas (Anticevic et al., 2013; Brooks
et al., 2011). The anterior and midcingulate cortical regions are
important for emotion because they carry out the instrumental,
goal-directed behaviors that are brought on by emotions. There-
fore, impairment in the anterior cingulate areas does affect mood
(Rolls, 2019). The temporal lobe, the part of the brain connected
to hearing and vision, is essential for processing emotions and
working memory (Antonius et al., 2011). We therefore speculated
that decreased axonal connectivity in the previously mentioned
regions causes a disturbance in the emotional circuitry, which
impairs the emotional control function of patients with PBD.
Additionally, the PBD-related increase in MSN was found to
compile in “von Economo secondary sensory” systems (Koskinas).
This system’s main functions are concentrated in the lower

visual areas, but it includes the primary sensory cortex, limbic
regions, orbitofrontal cortices, and postcentral gyrus as well.
These findings imply an enhanced axonal connection and a
higher architectonic similarity in these areas in PBD patients. The
ventral pathway of the visual cortex is very closely associated
with several other brain regions involved in emotion control.
Two studies suggested that functional abnormalities in brain
regions associated with the ventral pathway may be involved
in the pathophysiological mechanisms occurring in BD (Garrett
et al., 2012; Schallmo et al., 2015). It is also plausible that it indi-
cates partial compensation for the network (Duverne et al., 2009;
Kloeppel et al., 2015), and could potentially add to exploration of
the cellular underpinnings of PBD.

In PBD-related gene analysis, the discovered gene NR1D1
(r(177) = 0.34, PFDR < 0.001, the highest degree of positive corre-
lation with MSN differences) has been reported to be associated
with PBD. It was also reported to be related to circadian rhythms.
However, a single genetic variant can have a relatively small ef-
fect on complex psychiatric disorders. BD is thought to arise be-
cause of multiple loci interacting together and jointly affecting
the individual. Interestingly, it was found that the two closely re-
lated clock genes RORA and RORB were significantly correlated
with the t-map (RORA: r(177) = 0.41, pFDR < 0.001; RORB: r(177) =
0.32, PFDR < 0.001). The results in this study supported the strong
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gene–gene interactions found among genes NR1D1, RORA, and
RORB (Lai et al., 2015). Further research is awaited in exploration
of the molecular basis behind PBD by understanding the roles en-
coding proteins play in circadian pathways.

In our research, PLS− gene sets showed specifical enrichment
in significantly down-regulated BD-related genes from Gandal
et al. (2018). However, our results showed that PLS− genes were
also enriched in other major psychiatric disorders (e.g. autism
spectrum disorder). This might suggest that some prevalent psy-
chiatric diseases share possible convergent pathophysiological
processes. (Anttila et al., 2018; Cross-Disorder Group of the Psy-
chiatric Genomics, 2013). It is also worth noting that PBD is a dis-
tinct subtype of BD (Faraone et al., 2003; Spencer et al., 2001), and
it may have unique genetic underpinnings. Thus, it is necessary to
test the specificity of PBD gene enrichments based on more PBD-
related studies in the context of neuroimaging transcriptomics.

By introducing 507 negative-weighted genes into Metascape, a
topological clustering interaction network that enriched several
GO biological processes was obtained. In the obtained GO bio-
logical processes, trans-synaptic signaling, which underlies cru-
cial molecular functioning, was noted (de Wit & Ghosh, 2016;
Fossati et al., 2019). Disrupted trans-synaptic signaling could im-
pact synapses, which is a significant factor in the pathological ba-
sis of BD (Sui et al., 2013). The abnormal regulation of ion transport
may be associated with BD (Cherry & Swann, 1994). Those discov-
ered pathways may provide a new direction for developing novel
treatments specifically for PBD.

Finally, it was found that excitatory and inhibitory neurons
were contributors to dysregulated gene expression in PBD. The PLS
analysis of MSN alterations in PBD found that the excitatory neu-
rons accounted for the largest proportion of gene sequences. Un-
balanced specification or dysfunction of excitatory and inhibitory
neurons in some brain regions is an emerging hypothesis for ex-
plaining BD (Lee et al., 2018; Sawada et al., 2020). The determined
PBD-related cell types further confirmed the veracity of the spe-
cific genes acquired from MSN. It also provided evidence for an-
alyzing and sorting post-mortem brain tissue to find treatments
for PBD.

Some limitations in this study should be noted. First, the mea-
surement of AHBA data was based on post-mortem data from six
participants with no psychiatric diagnosis. This limitation could
lead to insufficiently examined transcriptome–neuroimaging as-
sociations between groups. Personal effects might also have been
left out of consideration. Furthermore, complete data for the right
hemisphere was only collected from two participants. This could
lead to insufficient examination of cross-group transcriptome-
neuroimaging associations. Moreover, whole-brain data was col-
lected from six adult brains (mean age 43) and not in age-matched
participants or patients with PBD (mean age 15). Finally, this study
associated MSN phenotypes with genes and cell types. Despite not
needing post-mortem brain matter from patients or inferences
from model systems, screening for cell types and gene expres-
sion based on MSN differences could be better performed to iden-
tify molecularly validated anatomical variations in psychiatric
patients.
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Supplementary data are available at Psychoradiology online.
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